The poor heat resistant properties of a transparent thermoplastic resin was improved by electron beam irradiation cross-linking. A correcting aspheric lens for a 635-nm laser diode was fabricated using an injection molding machine, and was irradiated with an electron beam. The near field pattern (NFP), the far field pattern (FFP) at the focus position and the transmittance of the lens did not change after exposure to a 260 C reflow process for 60 s. #
Introduction
Various optical modules for digital equipment have been recently developed with high optical performance. Compact camera modules of cellular phones show improved image quality as well as reduction in size. 1) Also, light emitting diode (LED) lights show high optical efficiency.
2) Back-light units used for liquid crystal displays are required to be brighter, slimmer and lighter and to show higher light-use efficiency. 3, 4) These optical units and modules typically use plastic optical lenses, due to their low cost and light-weight characteristics. Plastic optical lenses are produced by injection molding machines which enable high-volume manufacturing and cost effective production. Injection molding technologies for optical lenses have been studied in detail by researchers. 5) In the field of electronics packaging, the packaging density continues to grow and assembly automation is becoming easier. Currently, the adopted soldering method is to directly print solder on the surface of a connector which then goes through a reflow process (surface mount technology). Growing environmental concerns are causing the electronic packaging industry to shift from lead-containing solder to lead-free solder. Since the melting point of lead-free solder is higher than that of lead-containing solder, a heat resistance (reflow resistance) of 260 C for 60 s is required for electrical parts. 6) Recently, a novel silicone polymeric material with high thermal stability has been developed for optical device applications. 7) However, this material cannot be produced in an injection molding machine, since it must be cured with heat or UV light to withstand high temperatures.
Conventional transparent thermoplastic resins for optical modules produced using injection molding machines have poor heat resistant characteristics, and cannot withstand the reflow process. Therefore, optical modules produced using existing thermoplastic resins [cyclic olefin polymer (COP), poly(methyl methacrylate) (PMMA), or polycarbonate (PC)] require a surface mount process other than the reflow process, for example, laser soldering or connector. As a result, the cost of such modules is not reduced.
Heat resistant camera modules for cellular phones have been developed. 8, 9) An optical lens combined a thermal curable resin body and a glass plate is formed into a hybrid lens. The production process of the hybrid lens is, however, complicated compared to lenses formed with injection molding technologies.
In this paper, we report a novel heat resistant thermoplastic optical lens using an electron beam irradiation based cross-linking technology. Table I shows existing resins with their heatproof temperatures and process duration times for one production cycle. Both thermally curable as well as UV curable resins have a higher heat resistance temperature than the 260 C required for the reflow process. However, lenses using these resins must be produced by an imprint or embossing method, resulting in longer tact time than the injection molding method. Meanwhile, thermoplastic resin lenses can be produced by injection molding, and the tact time is shorter than that for other types of resin. Therefore, this type of resin is suitable for high volume production. However, it cannot endure the reflow process.
Novel Heat Resistant Thermoplastic
Okabe et al. developed a new nylon molding compound by mixing Nylon66 with a cross-linking agent and have fabricated lenses by molding them 10) after electron beam irradiation. They successfully obtained a cross-linked and thermally stable molding made from Nylon66.
The same technique was applied to a transparent thermoplastic resin using radiation cross-linking. The process for manufacturing a cross-linked transparent resin by electron beam irradiation is shown in Fig. 1 . Non-crystalline nylon was mixed with a cross-linking agent, a flame retardant, a reinforcer, a stabilizer, and a cooling agent with a twin shaft extruder, and then pelletized. The pellets were molded into a given shape, such as lenses, using an injection molding machine. The molded parts were irradiated with an electron beam accelerator. The nylon molecules were thus cross-linked, and the molded parts did not melt. Table II shows the optical characteristics of novel heat resistant thermoplastic at room temperature after crosslinked. The refractive index is 1.512 and Abbe's number is 52 as same as the non-crystalline nylon. Figure 2 shows the design of the aspheric collecting lens used in our experiment. The diameter is 5.0 mm and the thickness is 3.4 mm. Both input A and output B lens plates have aspheric surfaces. Each surface was designed to show a specific near field pattern (NFP) and a far field pattern (FFP) at the wavelength of the laser diode (Opnext HL6323MG), which is 635 nm. We molded the lens using a conventional molding machine. The molding conditions in this experiments was as shown in Table III . The transcription error of the surface between the design and after molding is less than 1.0 mm. Figure 3 shows a photograph of the lens. Voids, sinkholes, hair-line scratches or other defects due to the molding were not observed in our experiments.
Experimental Procedure
The lens was irradiated in the electron beam accelerator and exposed to a high temperature. In this experiment the electron accelerating voltage was 10 MeV. The nylon molecules were confirmed to be cross-linked, since the lens did not melt or change its shape after the high temperature test.
Results and Discussion
We measured the NFP and FFP before and after the reflow process at 260 C and a time duration of 60 sec. Figure 4 shows both the NFP and FFP measurement setup. The light source was a laser diode with a wavelength of 635 nm as same as designed the lens. The light beam was directed onto the lens and was focused after passing through the lens. The beam spot at the focused position was measured by the laser beam profiler which is LAPAS series made by Hamamatsu Photonics. Figure 5 shows both the NFP and FFP measurement results. In this figure, the solid line represents data before the reflow process while the dotted line is data after the reflow process. We confirmed that neither the NFP nor FFP changed after the reflow process. It can be seen that the refractive index and the lens shape were the same before and after the process. We measured the refractive index and the density before and after cross-linked as shown in Table IV . The refractive index changed less than 0.15%. We think that this refractive index increasing when the density is decreasing was explained by Lorentz-Lorenz equation: 
where is the density, N a is Avogado's number, M is the amount of electrical charged molecular and n is the refractive index. Table V shows the transmittance measurement results for the lens. Before the reflow process, the transmittance of the lens was 90.7%, while after the process, the transmittance changed to 87.6%. We measured the relationship between wavelength and transmittance before and after the reflow process as shown in Fig. 6 . Prior to the reflow process, when the transmittance was over 80%, the wavelength was 460 nm. After the reflow process, at the same transmittance, the wavelength was 580 nm. We estimate that this wavelength shift was due to oxidation and a radical of transition element by the electron beam irradiation.
Conclusions
We successfully developed a heat resistant thermoplastic lens produced by a conventional injection molding machine, which can endure a high-temperature reflow process, and which can be used at wavelengths above 580 nm. Fig. 6 . The relationship between wavelength and transmittance before and after the reflow process.
